Bacillus licheniformis L-arabinose isomerase (BLAI) with a broad pH range, high substrate specificity, and high catalytic efficiency for L-arabinose was immobilized on various supports. Eupergit C, activated-carboxymethylcellulose, CNBr-activated agarose, chitosan, and alginate were tested as supports, and Eupergit C was selected as the most effective. After determination of the optimum enzyme concentration, the effects of pH and temperature were investigated using a response surface methodology. The immobilized BLAI enzyme retained 86.4% of the activity of the free enzyme. The optimal pH for the immobilized BLAI was 8.0, and immobilization improved the optimal temperature from 50 C (free enzyme) to a range between 55 and 65 C. The half life improved from 2 at 50 C to 212 h at 55 C following immobilization. The immobilized BLAI was used for semi-continuous production of L-ribulose. After 8 batch cycles, 95.1% of the BLAI activity was retained. This simple immobilization procedure and the high stability of the final immobilized BLAI on Eupergit C provide a promising solution for large-scale production of L-ribulose from an inexpensive L-arabinose precursor.
L-ribulose L-Arabinose isomerase (L-AI; EC 5.3.1.4) is an intracellular enzyme that catalyzes the reversible isomerization of L-arabinose to L-ribulose, sugars involved in the pentose phosphate or the phosphoketolase pathway. 1) It is also referred to as D-galactose isomerase due to its ability to isomerize D-galactose into D-tagatose in vitro. Isomerases are becoming increasingly significant in the commercial synthesis of rare sugars.
2) Because of their scarcity in nature and the expense of available methods of production, many rare sugars are available only in limited amounts and at high cost.
Immobilization of enzymes onto carriers is a promising method of achieving stability with retention of activity, allowing continuous use of immobilized proteins in industrial processes. Several methods can be employed for immobilization, including adsorption, entrapment, copolymerization, and covalent linkage. For a specific protein or enzyme, stability depends on the structure of the native enzyme and on the support medium chosen. In most procedures, covalent immobilization is favored to impart long-term stability and to allow repeated use of the immobilized enzyme. 3, 4) In our previous work, a novel L-arabinose isomerase (L-AI) gene was cloned from Bacillus licheniformis and expressed in Escherichia coli. Compared to other L-AIs, B. licheniformis L-AI (BLAI) has a broad pH range, a high substrate specificity, and a high catalytic efficiency for L-arabinose. 5) The enzymatic reactions for L-ribulose production with L-AIs often are performed at high temperatures, but free BLAI is not stable at high temperatures and has a half-life of only 2 h at 50 C. In the present work, in order to improve the stability of the biocatalyst, we studied the immobilization of recombinant L-AI by entrapment and covalent attachment onto solid supports possessing various functional groups. After comparison, Eupergit C was selected as the matrix for immobilization, and characterization of immobilized BLAI, including thermal stability, was carried out. The immobilized enzyme was then tested for its capacity for continuous bioconversion of L-arabinose to L-ribulose in batch processes.
Materials and Methods
Chemicals. Eupergit C, L-ribulose, carboxymethylcellulose and agarose were purchased from Sigma-Aldrich (St. Louis, MO). L-arabinose was from by BioShop Canada (Burlington, Canada). 1-Cycolhexyl-3-(2-morpholino-ethyl) carbodiimide metho-p-toluenesulfonate (CMECMT) was from Kasei Kogyo (Tokyo). All the other reagents were of analytical commercial grade.
Cell culture and protein purification. Recombinant E. coli harboring BLAI was obtained as previous report. 5) Cells were cultivated in LB medium with 50 mg ml À1 of ampicillin at 37 C until the OD600 reached 0.6, and IPTG was added to the culture medium at 0.5 mM to induce L-AI expression. Then the culture was incubated at 37 C. The induced cells were harvested by centrifugation at 4 C and washed with phosphate buffered saline. Cell pellets were resuspended in 20 mM PBS (pH 7.5). The cell suspension was incubated on ice for 30 min in the y To whom correspondence should be addressed. Department of Chemical Engineering, Konkuk University, 1 Hwayang-Dong, Gwangjin-Gu, Seoul 143-701, Korea; Tel: +82-2-450-3505; Fax: +82-2-458-3504; E-mail: jkrhee@konkuk.ac.kr Abbreviations: BLAI, Bacillus licheniformis L-arabinose isomerase; CMECMT, 1-cycolhexyl-3-(2-morpholino-ethyl) carbodiimide metho-ptoluenesulfonate; L-AI, L-arabinose isomerase presence of 1 mg/ml of lysozyme. Then we disrupted the cells by sonication at 4 C, and the cell debris was removed by centrifugation at 7,000 rpm for 25 min at 4 C. The cell-free extract was loaded onto a Ni-NTA superflow column previously equilibrated with binding buffer and the unbounded protein was washed out from the column with a washing buffer. BLAI was eluted off the column with an elution buffer and the fractions were collected and stored at 4 C in a refrigerator.
Enzyme assay. Free BLAI activity was measured by determination of the amount of L-ribulose formed. The reaction mixture contained 1 mM MnCl 2 , 10 ml of enzyme, 250 mM L-arabinose (substrate), and phosphate 50 mM (pH 7.5) to bring the final volume to 100 ml. It was incubated at 50 C for 5 min, followed by cooling of the samples on ice to stop the reaction. The generated L-ribulose was determined by cysteine carbazole sulfuric acid method, and the absorbance was measured at 560 nm. 6) Quantifications of L-ribulose derived from the reaction were made using external calibration standards with five different concentrations of L-ribulose. One unit of BLAI activity was defined as the amount of enzyme catalyzing the formation of 1 mmol of keto-sugar per min under the above-specified conditions. For the immobilized enzyme, the above-mentioned conditions were adopted, except that the immobilized enzyme amount equaled 15 mg enzyme, and a thermo reactor (Thermo Fisher Scientific, MA) with a stirred magnetic bar was used as the reaction vessel.
Immobilization of BLAI by various methods. The immobilization and recovery yield were calculated as follows:
, where i is the total activity of immobilized enzyme and f is the total activity of the initial enzyme preparation. w and s are the total activity of the wash solutions and supernatant after immobilization respectively.
Entrapment with alginate. Sodium alginate (0.2 g) was dissolved in 50 mM pH 7.5 Tris-HCl buffers, followed by the addition of 1 ml of BLAI solution to a final volume of 5 ml. Subsequently the mixture was dropped into 0.1 M CaCl 2 solution using a gas pump to obtain polymeric beads at 0.26 bar vacuum. After 4 h hardening, the beads were washed twice with 50 mM Tris-HCl buffer (pH 7.5).
Entrapment with chitosan. Chitosan solution at a concentration of 3% w/v was prepared by dissolving chitosan powder in 1% v/v acetic acid. One ml of BLAI solution was added to 10 ml of the chitosan preparation. The mixture was stirred gently to ensure complete homogenization. This solution was then extruded dropwise with a gas pump through a syringe into a suction flask containing 150 ml of 0.136 mM sodium tripolyphosphate (Na 5 P 3 O 10 ) solution, which was prepared in 50 mM Tris-HCl (pH 7.5). After 2 h of incubation, the beads formed were filtrated and washed twice using 30 ml of 50 mM Tris-HCl (pH 7.5). Then the filtered solution and the wash solution were collected for protein and activity determination. The immobilized beads were determined as to specific activity.
Immobilization of BLAI on agarose. For activation of agarose, agarose was washed with distilled water and centrifuged to remove residual water. Then 2 M sodium carbonate was added to 0.1 g of washed support material until the total volume was about 1.2 times the settled bed volume. After cooling of slurry to 0 C, we added 10 ml of 0.8 g/ml of CNBr dissolved in DMF and mixed this vigorously for 2 min. The activated support material was washed with 10 volumes of cold distilled water, and 1 ml of purified BLAI (about 6 mg) was added to the prepared supports, and this was incubated for 24 h at 25 C. After washing, the immobilized enzyme, the immobilization yield was calculated.
Immobilization of BLAI on CMC beads. As for preparation and activation of CMC beads, CMC solution 2% w/v in distilled water was introduced into a 0.3 M ferric chloride solution with a gas pump through a syringe and the FeCl 3 solution was stirred to prevent aggregation of the CMC beads. The beads formed were then filtered, washed twice with 200 ml of distilled water, and dried at 50 C. The beads were added to 5 ml of 0.1 M sodium acetate buffer, pH 4.5. Then 20 mg of 1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide Metho-ptoluenesulfonate was added to the support slurry and this was mixed for 20 min at room temperature. After washing the beads with 50 ml of cold 0.1 M sodium phosphate buffer, pH 7.0, the activated beads were added to 1 ml of the enzyme (about 6 mg) solution and this was gently agitated for 24 h at 25 C. Finally the immobilized enzyme beads were washed with 50 ml of 0.1 M sodium phosphate buffer, pH 7.0.
Immobilization of BLAI on Eupergit C. For immobilization on Eupergit C, 1.0 g of dry Eupergit C was added to 6.0 ml of the enzyme solution in 0.05 M phosphate buffer (pH 7.0) containing 1 M NaCl. The suspension was mixed gently at 25 C. After 24 h of incubation, the immobilized enzyme was washed with 50 ml of 0.05 M phosphate buffer followed by suction filtration, and 2% Tris in 0.05 M phosphate buffer (pH 7.5) was added to the immobilized derivatives at a ratio of 5:3 v/w for 4 h at room temperature to block the unreacted oxirane groups.
Optimization of pH and temperature for immobilization of BLAI on Eupergit C. The central composite design (CCD) was used, with two variables, at five levels and five replicates at the central point, for a total of 13 experiments. Temperature and pH were chosen as factors and the response was recovery activity of immobilized BLAI. The experimental index number and scaled and real values are shown in Table 1 . The CCD was used to allow expression of the variables as second-order polynomial models of the form
where 0 is constant, 1 and 2 are the main effects of the process variables (pH and temperature), 12 is the interaction effect between the variables, 11 and 22 are effects of the square of the variables, and y is immobilized enzyme activity. Finally, a series of experiments were conducted in triplicate and repeated 3 times in order to check the reliability of the response surface model, and the predicted values and experimental data were compared.
Characterization of immobilized BLAI on Eupergit C. The effect of temperature on the activity of BLAI was analyzed by assaying the enzyme samples over a range of C for 5 min. The optimum pH of BLAI was determined under the standard assay conditions with three buffer systems, sodium acetate buffer (20 mM, pH 3.6-5.6), phosphate buffer (20 mM, pH 6.0-8.0), and Tris-HCl buffer (20 mM, pH 8.0-9.0).
To determine the kinetic parameters of immobilized BLAI, the samples were incubated at 50 C for 5 min. Kinetic parameters (K m and V max ) for the substrates were obtained by non-linear regression fitting. All the assays were performed in triplicate. The kinetic data represented averages of statistically relevant measurements with their associated standard deviations.
The thermal stability of the enzyme was investigated by incubating it in 20 mM phosphate buffer at temperatures. At certain time interval samples were withdrawn, and residual activity was measured under standard assay conditions. 
Batch production of L-ribulose with immobilized BLAI on Eupergit C. Immobilized BLAI on Eupergit C was repeatedly used in the bioconversion of L-arabinose to L-ribulose in batch reactions at 55 C at pH 8.0 in phosphate buffer. The substrate concentration was 375 mM. The reactions was carried out in a stirred tank reactor with a React-ThermÔ I and heating/Stirring Modules (Thermo Fisher Scientific, MA) to maintain the temperature and a homogeneous reaction. After each cycle of reaction, the immobilized enzyme was washed with phosphate buffer (pH 8.0).
Results and Discussion
Selection of optimal immobilization strategy Although immobilized L-AI has been used to catalyze the bioconversion of D-galactose to D-tagotose, the immobilization strategies used included only entrapment with alginate 7, 8) or chitosan and binding to agarose. 9) There have been no other reports on techniques for immobilization of L-AI. In the present work, the BLAI enzyme was immobilized on a number of different supports, using either entrapment or covalent attachment (Table 2) . For entrapment of BLAI, chitosan and alginate were tested. Chitosan has linear polyglucosamine chains, while alginate is a binary linear heteropolymer containing 1,4-linked -D-mannuronic and -L-guluronic acid residues. These two supports are widely used in immobilization because of their biocompatibility. Alginate derivatives gave an immobilization efficiency of 67.7% for BLAI. Alginate showed better efficiency than did chitosan (35.4%). Recently, Alloue et al. studied the entrapment of lipase with alginate, and chitosan and achieved 66.2% and 23% immobilization efficiency respectively. 10) For covalent attachment of BLAI, Eupergit C, agarose, and CMC were tested. The functional groups of agarose, CMC, and Eupergit C are polyhydroxyl, carboxylic acid, and oxirane groups respectively (Fig. 1) . Eupergit C is a microporous support that is both chemically and mechanically stable (Fig. 1C) . For immobilization of protein on Eupergit C, a two-step binding mechanism has been proposed. First, physical adsorption forces bring the enzyme into close proximity 11) to the oxirane groups on the support. Secondly, the enzyme reacts with the oxirane groups through a nucleophilic attack. 12) Agarose is the most commonly used carrier, but its polyhydroxyl attachment sites are poor leaving groups, so agarose must be activated before use (Fig. 1A) . In this study, cyanogen bromide was adopted as the activating agent. The activated agarose support covalently bond with the enzyme through the "-amino group of lysine or through the amino terminus. 13) For the third support type, following activation by carbodiimide (Fig. 1B) , CMC binds the enzyme through amide, thioester, or ester linkages.
Of all of the tested immobilization methods, Eupergit C showed the highest immobilization efficiency (83.7%) and recovery yield (93.3%), probably because it has more reactive groups. The coupling of BLAI to CMECMTactivated CMC showed the lowest recovery yield (34.1%) and immobilization efficiency (28.7%). For activated agarose, although the recovery yield was 75.6%, the immobilization efficiency was low because only the lysine or the amino terminus group of BLAI reacted.
Although the materials for entrapment are widely distributed, there are limitations to the use of immobilization methods. These include leaching of the enzyme out of the matrix and hindrance of mass transfer of substrate by diffusion into the matrix. 13) When immobilization efficiencies were compared, Eupergit C proved to be the best candidate for immobilization of BLAI, based on catalytic efficiency and recovery yield. All the experiments were repeated 3 times, and the standard derivation was less than 10%. Optimization of immobilization of BLAI on Eupergit C BLAI is an enzyme with isoelectric point of pH 4.8. When immobilization was done at neutral or alkaline pH, the enzyme was negatively charged. In order to achieve high adsorption capacity, 1 M sodium chloride was used to maintain ionic strength.
The activity of an immobilized enzyme varies depending on the amount of adsorbed enzyme, and thus the adsorption isotherm fits the Langmuir equation well. Because it is difficult to use RSM to fit the data to a second order polynomial, 14) we used single-factor optimization to determine the enzyme adsorption at enzyme concentrations. The maximum immobilization yield, of 86%, was obtained with an optimal enzyme concentration of 4 mg/g-dry support, and it decreased to 61% when the enzyme concentration was increased to 8 mg/g of dry support. Enzyme loading has been found to differ from enzyme to enzyme. For example, for lipase or penicillin acylase, enzyme loading was 100 mg/g 15) and 40 mg/g support 12) respectively. Compared with these two enzymes, the enzyme loading of BLAI was low, but was higher than that of penicillin V acylase (1 mg/g of support), 16) and was similar to that of glucose isomerase. 17) The other two main factors in immobilization, temperature and pH, were employed in the CCD design to investigate their effects and the interactions between them. The results and ANOVA analysis are shown in Table 3 . The model fit the data very well (R 2 ¼ 0:982) and only 1.8% of the data could not be explained by the model. The p-values of analysis showed that for linear temperature, quadratic temperature, and pH, the interaction between pH and temperature was significant. In particular, the linear temperature, quadratic temperature, and pH were highly significant. This suggests that pH and temperature are the limiting factors in the immobilization of BLAI, and that even a small variation can lead to substantial changes in enzyme activity. The regression model is as follows:
The RSM for BLAI immobilization as a function of pH and temperature is depicted as a 3-D surface response in Fig. 2 . From the regression model, the optimal pH and temperature were found to be 7.2 and 32 C. We confirmed the optimum conditions 3 times to determine the applicability and the average experimental immobilization yield of 86.4% of this model. Based on the results, the interaction between pH and temperature was significant, but was not observed when these factors are checked separately.
Characterization of the BLAI immobilized on Eupergit C
After immobilization, the biochemical and physiological properties of immobilized BLAI were characterized. The optimal pH shifted from 7.5 to 8.0 (Fig. 3A) , perhaps due to secondary interactions such as hydrogen bonding and ionic bonds between the enzyme and the polymer matrix, which can change the microenvironment around the catalytic center. However, at low pH values, the relative activity is lower than that of the free enzyme. This is probably be due to conformational changes induced by the pH change from 3.6 to 5.0, so that the substrate does not bind properly to the enzyme.
18) The optimal temperature shifted from a peak at 50 C to a broader range of 55-65 C (Fig. 3B ). This shift can be explained by the covalent bonds between the polymer and the enzyme increasing the activation energy of the enzyme, allowing it to assume the optimal conformation for binding to its substrate. 19) Compared with the native enzyme, the K m of the immobilized BLAI increased from 369 mM to 770 mM (Fig. 4) , while V max decreased from 232 mmol min À1 to 126 mmol min À1 . These changes were most likely due to diffusional limitations in the matrix or a structural change due to covalent immobilization. The immobilized BLAI showed a lower catalytic efficiency (k cat /K m ) than its free counterpart. This might have been caused by external mass transfer diffusion. Recently, similar results were reported for the K m values of free and immobilized glucose isomerase on Eupergit C, were 423 and 2602 mM respectively. 16) This type of change has also been observed in the immobilization of dextranase on Eupergit C, which showed 33% of the catalytic efficiency of the native enzyme. The decreased catalytic efficiency of BLAI after covalent immobilization on Eupergit C is consistent with previous reports on immobilization of several enzymes. 20, 21) The thermal stability of an enzyme can reflect the efficiency of the immobilization method. Thermal stability experiments were carried out in a temperature range from 50 C to 80 C, as shown in Fig. 5 . The immobilized BLAI was stable at 55 C, and its stability was much higher than that of the free enzyme. The t 1=2 values for immobilized and free BLAI were 212 and 2 h respectively, for a 106-fold improvement. Even when exposed to higher temperatures, of 70 C and 80 C, the immobilized enzyme displayed t 1=2 values of 1.8 and 1.9 h respectively. These results suggested that covalent immobilization on Eupergit C considerably enhanced the thermostability of BLAI. Increased resistance to heat and denaturing conditions has been reported for covalently immobilized enzymes. As listed in Table 4 , although the K m of the immobilized BLAI was higher than that of the other L-AIs, its V max value was higher than that of the others. In addition, the immobilized BLAI had the longest t 1=2 , 707, 236, 106, and 6.6 times than that of free enzymes from Bacillus halodurans, 22) Geobacillus stearothermophilus, 22) Thermotoga neapolitana 23) and B. licheniformis, 5) and Geobacillus thermodenitrificans 24) respectively.
Continuous production of L-ribulose from L-arabinose with immobilized BLAI
Although ribitol has been used as a substrate to produce L-ribulose by fermentation, 31) liquid L-arabinose is very inexpensive, at an estimated price of 0.1 US 32) The operational stability of immobilized BLAI on Eupergit C was analyzed for eight successive batch reactions at 55 C for 90 min each cycle (Fig. 6) . The substrate concentration was 375 mM. The yield of L-ribulose from L-arabinose for the first run reached 22.3% and the yield was maintained at 21.2% after 8 cycles of reuse. This yield is higher than that (19%) catalyzed by L-AI mutant from G. thermodenitrificans. 24) To our knowledge, this is the first report demonstrating the feasibility of continuous production of L-ribulose with an immobilized enzyme. Immobilization of BLAI on Eupergit C might prove valuable as a cost-effective means of industrial-scale production of L-ribulose.
Conclusions
Immobilization methods, including entrapment with chitosan and alginate and covalent immobilization on Eupergit C, carboxymethylcellulose, and CNBractivated agarose, were investigated as immobilization supports for a recombinant BLAI. Eupergit C proved to be the best matrix, yielding an immobilized BLAI product that retained 86.4% of the activity of the free BLAI after optimization. Immobilized BLAI showed a slightly higher optimal pH, a broader optimal temperature range, of 55-65 C, and a particularly improved thermal stability as compared to the free enzyme. The half-life at 55 C showed a 106-fold improvement over the free enzyme. The improved chemical and mechanical stability of immobilized BLAI over a wide pH and temperature range makes it a viable candidate for largescale production processes. In addition, it has high stability following repeated use in batch reactions, with only a 4.9% decrease in yield observed after 8 successive runs. Further research is now being carried out to identify conditions to overcome the unfavorable equilibrium for production of L-ribulose from L-arabinose. 
